There remains a lack of data on the reliability of methods to estimate tibial coverage achieved during total knee replacement. In order to address this gap, the intra-and interobserver reliability of a three-dimensional (3D) digital templating method was assessed with one symmetric and one asymmetric prosthesis design.
Introduction
Interest in templating based on three-dimensional (3D) imaging has recently emerged in parallel with the growing enthusiasm for patient-specific instrumentation. The accurate placement of components on the tibia is important to achieve maximum coverage of the resected plateau, thereby imparting good initial implant stability, [1] [2] [3] enhancing load transfer across the proximal tibia 1, [4] [5] [6] and decreasing the potential for implant subsidence. 1, 2, 7 In order to optimise patellofemoral tracking, a number of studies have reported rotation with reference to the medial margin of the anterior tibial tuberosity (ATT) 8 or to the posterior condylar axis of the tibia. 9 Many other axes of reference have been described, such as the mid-sulcus of the tibial spine, 10 the distal reference axes of the foot or ankle 9, 11, 12 or the femoral transepicondylar axis (TEA). 13, 14 However, the literature suffers from a lack of consensus regarding the effect of rotational alignment on coverage. 15 The controversy could be related to differences in methods, but importantly the reliability of the templating and measurement method employed is consistently not reported. 7, [16] [17] [18] Various templating methods have been used to estimate the theoretical tibial coverage afforded by different prosthesis designs. 7, [16] [17] [18] Two-dimensional (2D) tibial models created from photographed resection specimens obtained during TKR, from cadavers 17 or digitised unmagnified radiographs of retrieved surgical specimens, have been described. 2, 16, 19 However, the reliability of these 2D methods has never been reported, and could be questioned due to the lack of perspective and the obstruction of key anatomical landmarks when fitting the component template.
Modelling of the tibial structure in 3D has been described in cadaveric specimens, 7 but surprisingly no recent publications have focused on digital templating of resected tibiae with contemporary modelling methods. We describe such a method based on low-dose CT imaging combined with 3D modelling. As with every new method, demonstrated reliability is a fundamental parameter before application to the clinical setting, in contrast to previous efforts.
In order to address the gap in the current literature, the purpose of this study was to assess the intra-and interobserver reliability of a 3D digital templating method based on CT reconstruction for evaluating tibial coverage in TKR.
Our hypothesis was that the method was reliable regardless of the reference axis used to align the tibial implant.
Materials and Methods
Patients. Five patients awaiting TKR with pre-operative CT data were selected for the purposes of generating 3D tibial models. All five patients had tri-compartmental osteoarthritis and varus deformity. Three patients were male, and two were female. Their mean age was 70 years (57 to 82) and their mean body mass index was 31.8 kg/m 2 (21.7 to 41.7). There were three right and two left knees. Imaging and tibial model construction. Pre-operative CT scans were performed on the affected limb for all five patients. The scan was low-dose (< 20 mSV) and comprised axial slices of the pelvis, acetabulum and femoral head, through to the bottom of the foot with 2 mm slice thickness and 512×512 pixel resolution (Aquilion, Toshiba, Japan). The CT data were acquired in Dicom format and further processed using ImageJ software (National Institutes of Health, Bethesda, Maryland), where image stacks were created before being imported into ScanIP (Simpleware LTD, Exeter, United Kingdom). In ScanIP, the axial images of the tibiae were manually segmented and an unmeshed surface of each tibia generated. The data was down-sampled to a voxel range of 3×3×3 mm to 5×5×5 mm to optimise between level of detail and computational time. After down-sampling, smoothed 3D bony surfaces of the tibia were created, which were imported into SolidWorks CAD software (Dassault Systèmes SolidWorks Corporation, Waltham, Massachussetts) for the templating process. Tibial model preparation. After import into SolidWorks, each model was digitally resected 10 mm below the articular surface, using the lowest point on the lateral tibial plateau as a reference point. The resection was made perpendicular to the long axis of the tibia in order to simulate the tibial cut made intra-operatively during TKR (Fig. 1) . Following resection, each tibial plateau was digitally marked in the axial view with two axes of rotation for reference during templating (Fig. 2) . The anterior tibial tubercle axis (ATT) was defined by a line connecting the centre of the posterior cruciate attachment on the tibia and a point located at the medial third of the anterior tibial tubercle. The two points were determined for each tibia by mutual agreement between three orthopaedic surgeons (AJC, SL and JCB). The posterior condylar axis (PCA) was defined by a line drawn perpendicular to the middle of a second line connecting the most posterior points on the medial and lateral tibial condyles respectively.
Each tibia was also marked to define sub-regions of interest including the anterior, posteromedial and posterolateral regions (Fig. 3) . To define these subregions, a medial to lateral line was drawn perpendicular to the posterior condylar axis line. This line was then shifted in the anterior-posterior direction until the widest medial to lateral portion of the tibia was located, which was termed the ML line. From the midpoint of the ML line, two additional lines were drawn at 60° in the posteromedial (PM line) and posterolateral directions (PL line). Prostheses, rotation and overhang definition. Digital tibial tray templates for one symmetric design (NexGen; Zimmer, Warsaw, Indiana), and one asymmetric design (Genesis II; Smith & Nephew, Memphis, Tennessee) were obtained directly from the manufacturers, with a range of tray sizes and corresponding areas (Table I) . Each tray template was marked with a line drawn perpendicular to the rotational reference notch on the anterior aspect of the tray, to standardise rotation. Tibial coverage was tested with three different rotational axes, along with two different over-hang conditions, for a total of six rotation-overhang combinations. The three rotational axes were the anterior tibial tubercle axis (ATT), posterior condylar axis (PCA) and a third axis called the best fit axis (BFA). For the BFA, the tray was free to rotate in any axis in the axial plane to obtain maximal coverage. The first over-hang condition was nooverhang (NO), where no portion of the tray template could exceed the boundary of the resected tibia (Fig. 4a) . The second condition was minimal-overhang (OV), where over-hang was permitted provided it was < 2 mm from the edge of the tray to the tibial cortex and did not occur anteriorly or medially (Fig. 4b) . Provided the rotation and over-hang criteria were met in each combination, observers were free to select whichever tray size deemed most appropriate and also translate the tray in the medial-lateral and anterior-posterior directions to maximise coverage. Prosthesis templating. Three orthopaedic surgeons (AJC, SL and JCB) independently templated the five tibiae with both trays on two separate occasions. Each selected tray was placed directly on the resected surface of the tibia in the axial plane. Rotation of the tray on the tibia was controlled to ensure that the tray was aligned with the correct rotational axis. For the best-fit condition, the tray was positioned on the resected surface in the axial plane but the surgeon was permitted to rotate the tray along any rotational axis in this plane. All six possible combinations of rotation and over-hang were templated by each surgeon for all five tibiae using both trays at time zero and again two weeks later. Adherence to rotation and over-hang restrictions was confirmed by an independent observer (MF) at the completion of each templating session. Any templated tibiae deemed unacceptable according to the described criteria were re-templated by the same surgeon. Tibial coverage. The "Section Properties" function (within the SolidWorks software) was used to define and measure the area covered and uncovered by the tray. Tibial coverage was calculated as a proportion of the total area and for each of the sub-regions. Statistical analysis. The intraclass correlation coefficient (ICC) and the Typical Error of Measurement (TEM, in mm 2 ) were used to describe both inter-and intraobserver reliability of coverage calculations. 20 The typical error of measurement indicates the amount of change in coverage associated with the templating and measurement method and reflects the threshold for detection of real differences between conditions. The ICC values were interpreted according to published guidelines, 21 where an ICC value of < 0.4 indicates poor reproducibility, a value between 0.4 and 0.75 indicates fair to good reproducibility, and a value > 0.75 indicates excellent reproducibility. All statistical calculations were performed in Microsoft Excel (Microsoft, Waltham, Massachussetts). 
Results
In total, each surgeon completed 120 template procedures in accordance with the criteria and conditions described.
Excellent intra-observer reliability (ICC ≥ 0.94; TEM ≤ 18.1 mm 2 ) was observed when the trays were aligned to the ATT axis in the NO condition (Table II) ) sub-regions. When the trays were aligned to the PCA, excellent intraobserver reliability was observed for total and sub-region coverage in the NO (ICC ≥ 0.76; TEM ≤ 22.4 mm 2 ) and OV (ICC ≥ 0.85; TEM ≤ 25.7 mm 2 ) conditions. Intra-observer reliability of total coverage was comparable with the ATT condition, although ICCs were lower and TEM higher for sub-region coverage in the PCA condition (Table III) . Nevertheless, a similar pattern was observed across both rotationcoverage combinations, with differences in TEM between anterior and posteromedial sub-regions (Table III) .
Intra-observer reliability of total coverage using the BFA to set rotation was excellent in the NO condition (ICC 1.0; TEM ≤ 12.1 mm 2 ) (Table IV) . Similarly, sub-region coverage reliability was good to excellent (ICC 0.58 to 0.98; TEM ≤ 25.7 mm 2 ). In the OV condition, total coverage reliability was comparable (ICC 0.73 to 1.0), although TEM was larger than for other rotation-overhang combinations (≤ 64.7 mm 2 ). A similar pattern was observed for sub-region reliability with ICC ranging from poor (0.25) to excellent (0.95) and higher TEM than for other conditions (≤ 45.6 mm 2 ) (Table IV) . Of note for the BFA condition was comparable reliability for the anterior and posteromedial sub-regions.
Interobserver reliability of coverage was superior when trays were aligned using the ATT axis in the NO condition (ICC 0.94 to 1. (Table V) . In contrast, this pattern was not replicated in the OV condition (Table V) , with ICC ranging from good (0.6) to excellent (1.0) for all axes and ATT total coverage displaying the highest TEM (56.2 mm 2 ) of any axis.
Discussion
The main finding of this study was that excellent reliability of tibial coverage can be obtained using 3D CT reconstruction and digital templating. While aligning components with the ATT axis produced the most reliable results for sub-region coverage, other axes demonstrated more variability in these measurements. Increased variability was particularly evident when no rotational control was used. Measurement of tibial coverage is overall reliable using the templating method described even if the rotational axis selected still has a minor influence. To our knowledge, this is the first study to report on the reliability of a templating and measurement method for assessing tibial coverage in TKR. Diagrams showing the tibia template, with a) the asymmetric prosthesis aligned with the surgical axis, with no overhang permitted, and b) the symmetric prosthesis aligned with the surgical axis, with minimal posterolateral overhang permitted (*). Even if digital templating could potentially revolutionise the conduct of surgical planning or sizing in the future, caution should be applied when interpreting the results if the reliability of the measurement is not well documented. 7, [16] [17] [18] Moreover, there are several disadvantages to previously reported methods, being time consuming and labour intensive, often requiring cadavers or surgical resection specimens and being prone to magnification or other measurement errors.
2,7,16-18 A previous study compared eight different tibial tray designs, including six symmetric and two asymmetric designs. 17 However, limited details were given regarding the criteria for choosing the template size and position to calculate tibial coverage. Furthermore, no attempts were made to control for component rotation and the authors did not quantify the reliability of the technique. Others have reported differences in coverage between template designs despite repeating these methodological deficiencies. Westrich et al 16 failed to describe the criteria for positioning the templates in the medial-lateral or anterior-posterior direction. Similarly, no attempts were made to determine the reliability of the templating and measurement technique. In another study,
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3D tibial models were generated from cadaveric specimens and templated digitally with tibial trays from one symmetric and one asymmetric prosthesis design. The criteria used to position the templates in this study were defined, in contrast to previous studies, however all templating was carried out by a single surgeon and no attempt was made to assess the reliability of the templating and measurement technique. As a result of these limitations, there remains no gold standard method to assess tibial coverage, making it difficult to compare the results. Potentially, the present study could serve this purpose for future investigations in this area. There are several advantages to the templating and measurement method we describe compared with earlier efforts. Firstly, 3D digital tibial models were generated from CT scans. The use of CT scans over cadavers has numerous advantages in that the potential sample size is increased and demographic data more readily available. 15 Furthermore, computer digitisation of data points eliminates magnification errors and allows for manipulation in space to view the knee in the ideal orientation. A recent study reported excellent reliability using 3D-CT reconstruction to measure the position and orientation of TKR components post-operatively, 22 thereby presenting a potential vehicle for future validation of the templating and measurement method described here. Further, digital templating each tibia in the present study facilitated efficiency in templating, standardised coverage calculations and ensured rotational and over-hang criteria were strictly followed. Lastly, as digital templates are now readily available from manufacturers, design changes and newer prostheses can be easily evaluated and comparisons can be made to previously tested prostheses under identical experimental conditions. In this way, labour, research costs and potential errors associated with replicating previous manual measurements, or cadaveric studies can be reduced.
Despite the advantages of our reported technique, there are also limitations of the study to note, aside from access to software to perform the templating and calculations, which may be prohibitive for some groups. First, the small sample of five tibial models is not likely to be representative of the wide variation in tibial morphology encountered by the surgeon during TKR. 23 However, templating a larger number of tibiae using the described technique is unlikely to improve the reliability reported here, although the findings would be more generalisable. Secondly, two prosthesis designs were tested, one symmetric and one asymmetric. Templating for different prosthesis designs may be less reliable, particularly if a larger spectrum of tibial models is tested. Thirdly, the concept of 'coverage' itself is not well-defined and its clinical application is hampered by a lack of consensus. Some have emphasised covering the entire resected surface, 4, 17 others have focused on optimising coverage in specific regions 2, [24] [25] [26] and still others have stressed coverage of the cortical shell. 3, 27 We demonstrated the satisfactory reliability of our method for total and subregion surface of the total resected surface, but further studies will be required to assess cortical shell coverage. It is also important to note that we tested only two fixed rotational axes, the ATT and the PCA. There is currently no consensus with regard to the rotational alignment of the tibial component and the design might restrict the choice of rotational axis. 15 The reliability of templating and measurement techniques may therefore vary considerably if other rotational axes are used. Conclusions. In this study we demonstrated excellent reliability both within and between observers using a novel, 3D CT reconstruction-based digital templating method for assessing the total tibial coverage afforded by different prosthesis designs. The reliability of this templating method permits ready comparison of existing and future prosthesis designs. Future studies employing this method to assess sub-region coverage should use the ATT to control for component rotation.
